Using small sets of ancestry informative markers (AIMs) constitutes a cost-effective method to accurately estimate the ancestry proportions of individuals. This study aimed to generate a small and effective number of AIMs from ∼60 K single nucleotide polymorphism (SNP) data of porcine and estimate three ancestry proportions [East China pig (ECHP), South China pig (SCHP), and European commercial pig (EUCP)] from Asian breeds and European domestic breeds. A total of 186 samples of 10 pure breeds were divided into three groups: ECHP, SCHP, and EUCP. Using these samples and a one-vs.-rest SVM classifier, we found that using only seven AIMs could completely separate the three groups. Subsequently, we utilized supervised ADMIXTURE to calculate ancestry proportions and found that the 129 AIMs performed well on ancestry estimates when pseudo admixed individuals were used. Furthermore, another 969 samples of 61 populations were applied to evaluate the performance of the 129 AIMs. We also observed that the 129 AIMs were highly correlated with estimates using ∼60 K SNP data for three ancestry components: ECHP (Pearson correlation coefficient (r) = 0.94), SCHP (r = 0.94), and EUCP (r = 0.99). Our results provided an example of using a small number of pig AIMs for classifications and estimating ancestry proportions with high accuracy and in a cost-effective manner.
INTRODUCTION
Autosomal single-nucleotide polymorphism (SNP) and insertion-deletion (InDel) are widely utilized for human ancestry inference and population assignment (Bauchet et al., 2007; Tian et al., 2009; Sun et al., 2016) . Ancestry informative markers (AIMs) are genetic markers of frequency differences between populations (Shriver et al., 2003) . Multiple statistics have been used to obtain AIMs, including F statistics (F ST ), absolute allele frequency differences (δ), informativeness for assignment measure (I n ), and principal component loading scores (Rosenberg et al., 2003; Zhang et al., 2009; Ding et al., 2011; vonHoldt et al., 2016; Barbosa et al., 2017; Peterson et al., 2017) . Instead of using whole genome markers, AIMs were considered to be sufficiently accurate for ancestry inference for limited population size. Consequently, this constitutes an economical way to screen and analyze thousands of samples. Santos et al. (2016) reported that 192 AIMs selected from ∼370 K SNP data can be used to accurately estimate the ancestry proportions of three major populations in Brazil. Li et al. (2016) developed a panel of 74 AIMs to infer the ancestry proportions of 500 test individuals from 11 populations.
Due to the high resolution of AIMs, a 23-AIMs panel generated by Zeng et al. (2016) . distinguished four major American populations, and correctly assigned ancestry for nine additional populations (Zeng et al., 2016) .
For animal population genetics, AIMs have been successfully applied to identify breeds of different varieties and to evaluate genetic compositions in hybrid populations (Dimauro et al., 2015; Bouchemousse et al., 2016) . Bertolini et al. (2017) found that 96 AIMs performed well in discriminating six dairy cattle breeds. In another study, 63 AIMs selected from 427 canids were utilized to assess genetic admixture in coyotes (Monzon et al., 2014) . Recently, 74 AIMs were used to calculate ancestry proportions in crossbred sheep (Awassi with two native breeds in Ethiopia), and it was found that different admixture levels of Awassi significantly affected the traits of lamb growth and ewe reproduction (Getachew et al., 2017) .
The pigs (Sus scrofa) diverged into European and Asian wild boars during mid-Pleistocene (1.2-0.8 million years ago) (Larson et al., 2005; Frantz et al., 2013) . Pig domestication in China occurred ∼9,000 years ago (Larson et al., 2005) . It has been documented that Chinese domestic pigs were divided into six types according to the region of dwelling and phenotype characteristics (I-North China, II-Lower Changjiang Basin, IIICentral China, IV-South China, V-Southwest, and VI-Plateau) (Li et al., 2004; Fang et al., 2005) . In a recent study, Yang et al. (2017) . tracked the ancestries of various Chinese breeds and identified two major distinct ancestries, which are East China (e.g., Meishan and JinHua) and South China (e.g., Luchuan and Bamaxiang) origin. In addition, genomic introgression from European commercial breeds to Chinese indigenous pigs has also been reported (Ai et al., 2013; Bosse et al., 2014; Zhu et al., 2017) , making the genetic compositions of modern Chinese pigs even more complicated.
Although it has been widely applied in other animals, and it is of great importance in specific application scenarios, including market surveillance and genetic resource protection, no study currently exists that specifically addresses the problem of efficiently using AIMs for distinguishing pig breeds or for estimating ancestry proportions. Here, using ∼60 K pig SNP chip data, we searched for the optimal number of AIMs for distinguishing pigs of East China, South China, or European origin. Based on 129 selected AIMs, we estimated ancestry proportions of the above origins for other Chinese pigs. We suggested that AIMs selected from unadmixed reference populations could be used to accurately estimate ancestry proportions in hybrid populations. Our results provide a useful example of utilizing AIMs for breed classification and ancestry estimation in pigs. and European breeds were used in this study (a total of 1,157 samples from 71 populations, details in Supplementary  Table S1 ). Samples and SNPs were excluded if the following criteria were met: (1) an individual contained more than 10% missing genotypes; (2) SNPs with a call rate lower than 95%; (3) SNPs with a minor allele frequency less than 0.05; (4) SNPs that were located on sex chromosomes; and (5) SNPs were not biallelic. The missing genotypes were subsequently imputed by using BEAGLE (version 3.3.2) (Browning and Browning, 2007) . Finally, 45,562 SNPs and 1,155 samples remained. The 1,155 samples were then split into two datasets. For the reference set, 186 samples were chosen from 10 representative populations of the three major ancestry groups: East China pig (ECHP), South China pig (SCHP), and European commercial pig (EUCP). The 10 populations were selected based on the fact that there was no obvious admixture between populations belonging to the ECHP or SCHP group, according to a report from Yang et al. (2017) . This data set is summarized in Table 1 . The test dataset contained the remaining 969 samples from 61 populations (details in Supplementary Table S2) . Considering the convenience of practical application, the genotype data of the test dataset were directly extracted from the raw data without phasing or imputation.
MATERIALS AND METHODS

Data Collection and Quality Control
Population Structure
Principal component analysis (PCA) was performed on ∼60 K chip data using SMARTPCA (version 6.1.4) in the reference set (Patterson et al., 2006) . To confirm the unadmixed status, the unsupervised ADMIXTURE (version 1.23) (Alexander et al., 2009 ) was utilized to compute the ancestry proportions of samples from the reference set with the number of ancestry (K) set from K = 3 through K = 15. The ChromoPainter v2 (Lawson et al., 2012) linked model was also chosen to explore similarity/dissimilarity for individuals in the reference set. In detail, the recombination map file was generated using the script makeuniformrecfile.pl provided by fineSTRUCTURE (version 2.1.1) (Lawson et al., 2012) . By utilizing a hidden Markov model profile, ChromoPainter v2 infers haplotypes of "donor" and "recipient" to create a co-ancestry matrix. Initially, 20 expectation-maximization steps were used to estimate the mutation and switch rate on 1/5 random sampling members from all individuals with all autosomes considered. The inferred mutation and switch rates for each chromosome were then averaged. Subsequently, with estimated mutation, switch rate and other default values, ChromoPainter v2 was again used to generate the co-ancestry matrix for all individuals. Finally, the MCMC algorithm implemented in fineSTRUCTURE was employed to hierarchically cluster individuals with a burn-in and runtime of 1,000,000 and 6,000,000 iterations, respectively.
Selection of AIMs
All 186 samples in the reference dataset were used to compute F ST and I n . Candidate SNPs were selected from the AIMs algorithm selector that was implemented in AIMs_generator.py from ANTseq pipeline 2 . Specifically, we firstly excluded SNPs in highlinkage disequilibrium (LD) by selecting only one SNP in a strong LD (r 2 > 0.3) region and within 500 kb distance. Within each group, SNPs that exhibited heterogeneous frequencies among populations were further excluded based on a Chi-squared test (Galanter et al., 2012) . Secondly, F ST and I n were computed for each of the three paired groups : ECHP vs. EUCP, SCHP vs. EUCP, and ECHP vs. SCHP (Rosenberg et al., 2003) .
Group Classification With Minimum AIMs
Using the reference dataset, we first compared the discriminatory power of the AIMs selected by F ST or I n . Binary classification for the three paired groups were performed separately. For each paired group, we started by selecting the top two through top 30 AIMs, with an increment of one AIM. Samples in the corresponding paired group were randomly split into two proportions: 75% for training, 25% for testing, and this operation was repeated 50 times. GridSearchCV implemented in the Scikit-learn (version 0.18) package was then used to determine the optimal parameters for a support vector machine (SVM) classifier (Da Mota et al., 2014) . The parameters for SVM are summarized in Supplementary Table S3 . For the model with optimal parameters, the accuracy of classification was evaluated by the mean of the Matthews correlation coefficient (MMCC) for 50 repeats as follows:
where TN i and FN i are the number of true negatives and false negatives, and TP i and FP i are the number of true positives and false positives, for each run.
To determine the minimum number of AIMs for distinguishing ECHP, SCHP, and EUCP simultaneously, a multiclass approach of one-vs.-rest SVM was employed on reference dataset (Hong and Cho, 2008) . Similarly, we began by selecting the top two through top 200 AIMs from each of the paired groups, with an increment of one AIM, resulting in 199 AIM sets in total. In each set, AIMs selected from the three paired groups were merged and duplicated AIMs were removed (Supplementary Table S4 ). Since MMCC was not designed for evaluating the accuracy of multiclass classification, confusion matrix, Cohen's kappa statistic and balanced error rate were used 2 https://github.com/boxiangliu/ANTseq instead to evaluate the classification accuracy. Higher Cohen's kappa but lower balanced error rate indicated higher accurate classification. We again utilized GridSearchCV to estimate the best parameters for one-vs.-rest SVM, the parameters of which are summarized in Supplementary Table S3 . We also generated random SNP sets of equal number from the whole genome for comparison of discriminatory power to the selected AIMs.
Ancestry Inference With Optimal AIMs
AIMs have been widely used to estimate ancestry proportions in hybrid populations, even in cases in which they were selected from unadmixed populations. Based on selected AIMs, to estimate ancestry proportions of possible admixed pig populations, we employed a strategy that was similar to that used in a previous study by Pardo-Seco et al. (2014) . We first generated pseudo admixed individuals by randomly selecting genotypes of selected AIMs from samples in the reference data set with equal proportions. Therefore, the expected ancestry proportions of these pseudo admixed individuals were 1/3 (∼0.3333) from each group (ECHP, SCHP, and EUCP). For each of the 199 AIM sets generated from the above, 1,000 simulations were performed. Supervised ADMIXTURE (K = 3) was used to estimate the ancestry proportions. The performances were evaluated by the mean and the coefficient of variation (CV) of the estimated ancestry proportions. The CV of estimated ancestry proportions against the number of AIMs was fitted by the Curve Expert 1.4 program 3 . The optimal number of AIMs was determined by selecting the slope of the tangent threshold of the curve of which stable performance was observed beyond that point. To add an additional validation, we simulated pseudo admixed individuals with random ancestry proportions using the determined optimal number of AIMs. The ancestry proportions of ECHP, SCHP, and EUCP were randomly assigned with a minimum proportion set to 10%.
On the basis of the AIMs selected in the last step, we performed ancestry inference for the 969 individuals in the test dataset by supervised ADMIXTURE. The performance was evaluated by Pearson correlation coefficient between the genomewide SNPs and the optimal number of AIMs.
RESULTS
Population Structure of Reference Populations
Populations in the reference set were supposed to be least admixed. We did observe that ECHP, SCHP, and EUCP were well separated in a principal component plot ( Figure 1A) . The genome-wide F ST distribution ( Figure 1B) showed higher differentiation both between ECHP vs. EUCP (mean = 0.2197, 95% CI 0.0006-0.7267) and SCHP vs. EUCP (mean = 0.2153, 95% CI 0.0005-0.7570), while the differentiation between ECHP vs. SCHP (mean = 0.0588, 95% CI 0-0.3342) was noticeably less pronounced. By using ADMIXTURE, all breeds were well divided into anticipated groups ( Figure 1C ) when K = 3, in accordance with the previous study by Yang et al. (2017) . When K = 10, 10 populations could be separated clearly, consistent with our expectation that the 10 populations were least admixed (Supplementary Figure S1) .
For further quantification, the ChromoPainter v2 and fineSTRUCTURE programs were employed to check the relationship among these breeds considering LD. As shown in the coancestry heatmap (Figure 2) , individuals within each group exhibited a homogeneous pattern, and those from the same group shared more genetic chunks than from other groups. In particular, the EUCP had a negligible degree of coancestry with individuals from Chinese indigenous breeds. The sample from ECHP and SCHP showed a higher degree of coancestry, but individuals from the same group still tended to cluster together more than between groups. In summary, the results suggested that the samples in the reference dataset exhibited a negligible level of admixture.
Group Classification Using AIMs
In order to build an effective set of AIMs, we firstly compared the performance of F ST statistics and I n statistics. For a paired group of ECHP vs. EUCP and SCHP vs. EUCP, a minimum of two AIMs were found to be sufficient to result in a perfect separation (MMCC = 1), either by selecting the top F ST or by top I n statistics (Supplementary Figure S2) . However, to separate ECHP vs. SCHP, at least four AIMs were required by using F ST , or at least five were required by using I n . For FIGURE 2 | fineSTRUCTURE analysis in the reference dataset. The heatmap shows the number of shared genetic chunks copied from a donor genome (column) to a recipient genome (row). CNBX, China_Bamaxiang; CNCJ, China_Congjiangxiang; CNLU, China_Luchuan; CNDH, China_Guangdongdahuabai; CNJH, China_Jinhua; CNEH, China_Erhualian; CNMS, China_Meishan; DUR2, Duroc2; PIT1, Pietrain1; LDR1, Landrace1. Color codes are as follows, green: East China pig (ECHP); red: South China pig (SCHP); blue: European commercial pig (EUCP).
AIMs selected by F ST or I n , we found that informative AIMs selected by I n were largely overlapped with AIMs selected by F ST , indicating that F ST is at least as informative as I n . Therefore, the following analyses were based only on AIMs selected by F ST .
Next, we attempted to identify the number of AIMs which could be used to separate ECHP, SCHP and EUCP simultaneously using a multiclass approach. As described in Materials and Methods, top ranked two to 200 AIMs were sequentially selected from ECHP vs. EUCP, SCHP vs. EUCP and ECHP vs. SCHP, respectively, resulting in 199 AIM sets of increasing number (Supplementary Table S4 ). AIMs in each set were merged and deduplicated. For example, for the largest set, 171 out of 200 AIMs were shared between ECHP vs. EUCP and SCHP vs. EUCP (Supplementary Figure S3) , 12 out of 200 AIMs were the shared between SCHP vs. EUCP and ECHP vs. SCHP, and 14 out of 200 AIMs were shared between ECHP vs. EUCP and ECHP vs. SCHP. All 199 AIM sets were fed to a one-vs.-rest SVM classifier. As show in Figure 3 and Supplementary Table S5, seven AIMs were sufficient to completely separate ECHP, SCHP and EUCP with the Cohen's kappa = 1 and balanced error rate = 0. The detailed information of seven AIMs were summarized in Table 2 and  Supplementary Table S7 .
Accurate Ancestry Proportion Estimation Using AIMs
AIMs selected from unadmixed populations were reported to be successfully applied to estimate ancestry proportions in admixed populations (Lee et al., 2012; Maples et al., 2013) . To validate practicability in our study, we performed data simulation. If the study is practical, we should observe high consistency between simulated and estimated ancestry proportions. For each AIM set, the supervised ADMIXTURE was used to calculate ancestry proportions in 1,000 simulations. For each simulation, genotype of 60 samples selected from ECHP, SCHP and EUCP were randomly mixed for each AIM.
As shown in Figures 4A,B , when 80 or fewer AIMs were included, large differences between the mean of estimated and expected value (∼0.3333) were observed. For example, the seven AIMs worked perfectly for classification were not sufficient to infer the ancestry proportions accurately: ECHP (mean = 0.2994, coefficient of variation (CV) = 0.8450), SCHP (mean = 0.3909, CV = 0.7783) and EUCP (mean = 0.3097, CV = 0.9895). However, by including top 82 AIMs or more, the estimated proportions gradually converged to the expected values ( Figure 4A) . Same tendency for the CV plot in which the CV decreased as the number of AIMs increased ( Figure 4B) .
In order to determine the optimal AIM set, we fitted the CV curves in Figure 4B with a reciprocal logarithmic function (Supplementary Figure S4) for AIMs between 82 and 403. Since the tangent to the curve gets infinitely close to zero, we determined an arbitrary threshold of -0.0004, which corresponds to the set of 129 AIMs, by considering both the stability of the CV value and the genotyping cost for SNPs (Supplementary Table S6 ). The AIM set of 129 performed well in ancestry inference for simulated samples (Figure 5) , which resulted in ECHP: mean = 0.3310, standard deviation (std) = 0.0772; SCHP: mean = 0.3356, std = 0.0751; and EUCP: mean = 0.3334, std = 0.0394. We also observed that the performance of 129 AIMs set showed very limited difference to The information of the seven AIMs which could completely separate ECHP, SCHP and EUCP are indicated in bold font. Chr, chromosome.
that of 403 AIMs set, suggesting the 129 AIMs set was optimal (Supplementary Table S6 ). Considering the practicability of the 129 AIMs set, we next simulated pseudo admixed individuals with unequal random ancestry proportions using the same AIMs. we first produced 10 random ancestry proportions for each three groups, and then ran 1,000 simulations on each three ancestry proportions. For each simulation, 60 pseudo admixed individuals were generated. As shown in Table 3 , the 129 AIMs worked very well, even for samples of random ancestry proportions.
As anticipated, using the 129 AIMs ( Table 2 and  Supplementary Table S7) , PCA demonstrated that 10 populations were clearly divided into three corresponding groups (Supplementary Figure S5) . Interestingly, in comparison to Figure 1A , substructure within populations at each group was less obvious.
Ancestry Proportion Estimation for the Test Dataset
It has been reported that some Asian pig breeds were admixed with European domestic breeds, and especially with commercial breeds. For instance, eight Asian breeds (Korean local breed (KPKO), Thailand local breed (THCD), China Lichahei (CNLC), China Sutai (CNST), China Kele (CNKL), China Guanling (CNGU), China Leanhua (CNLA), and China Minzhu (CNMZ)) have been reported to be introgressed by at least 20% from European ancestry . In order to symmetrically identify and quantify the introgression, we utilized the 129 selected AIMs to estimate the ancestry compositions of another 969 samples from 61 populations that are possibly admixed at least to a certain extent.
Overall, by using the supervised ADMIXTURE, we found a strong correlation (Figure 6 ) between ancestry proportions calculated by 129 AIMs and those calculated by all ∼60 K chip data at the individual level. Bland-Altman plot also showed agreements on ancestry proportion estimated between genomewide and 129 AIMs data (Figure 7) . For breeds that were known to be introgressed from EUCP, we obtained reasonable results. As shown in Figure 8 and Supplementary Table S8 
DISCUSSION
Since the 19th century, pig breeders in the West have used Chinese pigs to hybridize with European pigs to improve their breeding stock (Groenen, 2016) . Bianco et al. (2015) found that European domestic pigs have 20% genomic introgression from Asian pigs. On the other hand, Yang et al. (2017) reported that European pigs contributed at least 20% to eight Asian breeds. In recent years, evidence has been presented that local Chinese farmers cross local pigs with imported commercial pigs (Berthouly-Salazar et al., 2012) . Introgression introduces new genetic materials, which might help to improve certain characteristics, especially production performance. Unfortunately, introgression, in either a narrow sense, as an admixture with foreign breeds, or in a broad sense, as an admixture with breeds from different areas within a nation, also introduces "genetic pollution" which is hardly avoidable. For example, in recent study, Zhang et al. found that almost all Chinese indigenous chickens have gene introgression from commercial broiler (Zhang et al., 2019) .
Since the indigenous pork are sold at higher price than that of European commercial pigs in China, false propaganda, shoddy phenomenon on the market began to rise. Significant attention has been paid to the issue of pork adulteration, however, at this stage, the work of identification was mostly based on intuitions and experiences from the customer side (Dai et al., 2009; Kwon et al., 2017) . Fortunately, pig products from the 10 breeds in our reference set are dominant in China (Bosse et al., 2015; Gong et al., 2018; Zhao et al., 2018) , our method thus constitutes a promisingly effective way in detection of pork adulteration at DNA level in market surveillance. From the view of a researcher, in genome-wide association studies, different genetic ancestries between case and control will lead to population stratification. Therefore, if selecting the samples of similar ancestry proportions or considering ancestry as covariates in the regression model to adjust stratification, it would help to reduce false positives (Qin et al., 2014) . Overall, it is highly important to trace the origin or estimate genetic ancestry in either the respect of genetic resource protection, market surveillance or population stratification. AIMs provides a cost-effective approach compared to using wholegenome SNPs, and thus is very suitable for large-volume testing.
In the present study, we found that as few as two AIMs are sufficient to distinguish Chinese pigs from European commercial pigs, and 10 pure breeds could be accurately assigned to three corresponding groups (ECHP, SCHP and EUCP) by using as few as seven AIMs. Through data simulations, we demonstrated that the AIMs selected from unadmixed individuals can also be successfully applied to estimate ancestry proportions for admixed individuals. We further developed a panel of 129 AIMs to infer ancestry proportions in possibly admixed individuals effectively. Considering the flexibility, reliability and serviceability, Agena MassARRAY platform would be currently the best choice for genotyping for the 129 AIMs set. However, for very large-volume testing, customized low-density SNP chip or multiplex PCR-based next-generation sequencing would be more cost-effective.
Our work provided a useful example of using a small number of AIMs for classifications and estimating ancestry proportions. Efforts can still be made to optimize the AIMs to a minimum number if necessary. For example, among the 129 AIMs, those representing the differences between EUCP and ECHP or SCHP could possibly be reduced. Or, to include more AIMs to increase the power of discrimination between ECHP and SCHP.
It is worth noting that one of the important prerequisites to obtain effective AIMs for either classification or ancestry estimation is to find good reference populations. For example, Daya et al. (2013) reported a panel of 96 AIMs could be used to infer the ancestry proportions for South African Colored (SAC) population, by using representative populations. However, these markers did not perform well in the South Asian and East Asian ancestries inference. In our study, 10 pure pig breeds from three groups (ECHP, SCHP and EUCP) are chosen as reference populations. There are several reasons why we chose these breeds. Firstly, many European commercial pigs or crossbreeding of indigenous breeds with European commercial breeds become increasingly common in China, so here major imported European commercial breeds including Duroc, Pietrain and Landrace were choosing as representative populations of EUCP. Secondly, the Chinese breeds included in this study covered two designated ancestry backgrounds. In Yang et al. study , China_Erhualian (CNEH), China_Jinhua (CNJH), China_Meishan (CNMS) pigs are clearly derived from one ancestry, and China_Bamaxiang (CNBX), China_Congjiangxiang (CNCJ), China_Guangdongdahuabai (CNDH) and China_Luchuan (CNLU) are clearly derived from the other. Admixture analysis showed that they are least introgressed by EUCP and can be separated from each other clearly. They together thus constitute the best reference population available so far, considering both genetic pureness and ability to reveal potential admixture in other Chinese breeds. If more pure breeds are included in the reference set in future, one could expect more accurate estimation as well as a wider range of populations where our method could be applicable.
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